We fabricated NiFe2Ox thin films on MgAl2O4(001) substrates by reactive dc magnetron cosputtering varying the oxygen partial pressure during deposition. The fabrication of a variable material with oxygen deficiency leads to controllable electrical and optical properties which would be beneficial for the investigations of the transport phenomena and would, therefore, promote the use of such materials in spintronic and spin caloritronic applications. We used several characterization techniques in order to investigate the film properties, focusing on their structural, magnetic, electrical, and optical properties. From the electrical resistivity measurements we obtained the conduction mechanisms that govern the systems in high and low temperature regimes, extracting low thermal activation energies which unveil extrinsic transport mechanisms. The thermal activation energy decreases in the less oxidized samples revealing the pronounced contribution of a large amount of electronic states localized in the band gap to the electrical conductivity. Hall effect measurements showed the mixed-type semiconducting character of our films. The optical band gaps were determined via ultraviolet-visible spectroscopy. They follow a similar trend as the thermal activation energy, with lower band gap values in the less oxidized samples.
INTRODUCTION
The recently established field of spin caloritronics [1] combines research on spin-related phenomena with thermoelectric effects. After the observation of phenomena such as the spin Hall effect [2] and the spin Seebeck effect [3] [4] [5] a plethora of investigations have been reported towards the generation, manipulation and detection of pure spin currents in ferro(i)magnetic (FM) materials. For the investigation of such transport phenomena in conducting or semiconducting materials possible contributions from additional effects should be taken into account. For example, in case of studying the longitudinal spin Seebeck effect (LSSE) in metallic or semiconducting FMs, an additional anomalous Nernst effect (ANE) contribution can contaminate the LSSE signal [6] [7] [8] [9] . Moreover, other spin caloritronic and spintronic effects, such as the recently observed spin Hall magnetoresistance [10, 11] i.e., the magnetization orientation dependent absorption and reflection of a spin current density flowing along the direction normal to a FM insulator/normal metal (NM) interface, can benefit from the lack of mobile charge carriers in insulating materials, such as yttrium iron garnet (YIG). In conducting materials the anisotropic magnetoresistance can introduce a parasitic voltage hampering the correct appraisal of the spin Hall magnetoresistance signal [12] . In order to disentangle the different contributions for different conductivity regimes, a material with controllable conductivity is required.
Apart from YIG different insulating or semiconducting FMs from the group of spinel ferrites fulfill the requirements to be implemented in spin caloritronic devices. In this study, we focus on the fabrication and characterization of the spinel ferrite NiFe 2 O x . By reducing the oxygen content below its stoichiometric value (x=4), we vary the conductivity, the optical band gap and the electrical transport mechanisms. In particular, the high Curie temperatures (T C ≈ 850 K) [13, 14] of spinel ferrites like NiFe 2 O 4 (NFO) render them attractive candidates for future applications. Several investigations on the synthesis and properties of ferrite thin films have been reported so far. Pulsed laser deposition has been introduced as the most common deposition technique for high quality thin ferrite films [15] [16] [17] . However, chemical vapor deposition [18] , molecular beam epitaxy [19] and sputter deposition [20] have also been used. Here, we fabricated high-quality epitaxial NiFe 2 O x films by reactive magnetron co-sputter deposition varying the oxygen partial pressure during deposition. A major advantage of NFO compared to other spinel ferrites is attributed to the manipulation of the parasitic effects like the ANE by changing the base temperature of the measurement, due to its semiconducting character. So far, several investigations have been performed on FM/NM bilayers such as NFO/Pt in order to study the transport phenomena of those systems [7, 8, [21] [22] [23] [24] [25] providing information about the spin Seebeck effect coefficient, the proximity induced magnetization in the Pt layer and the magnon spin transport in NFO. More specifically, the investigation of the temperature dependent electrical resistivity of the films leads to a deeper insight of the localization of electronic states and the disorder of such systems which influences the transport phenomena in those materials. In our systems, the temperature dependent resistivity of the films is usually explained in terms of band and hopping conduction. The thermal activation energy extracted from the resistivity measurements decreases progressively as the temperature falls indicating that, although the conduction mechanism at high temperatures is described by Arrhenius law (see Eq. (2) with P = 1), at sufficiently low temperatures the conduction is controlled by the variable-range hopping mechanism.
Except from the electrical properties of the films we additionally analyzed the optical properties by determining the optical band gap of the materials verifying their semiconducting origin which enables a profound understanding of the transport phenomena in those films [7] . Our results reveal states within the band gap which display charge transfer, creating a framework for realizing the electronic structure of those complex oxides that promotes their use in spintronics applications.
EXPERIMENTAL TECHNIQUES
We fabricated NiFe 2 O x (4 ≥ x > 0) films by ultra high vacuum reactive dc sputter deposition from elemental Ni and Fe targets [20] In order to determine the film thickness, x-ray reflectivity (XRR) measurements were performed in a Philips X'Pert Pro diffractometer in a Bragg-Brentano configuration, with a Cu K α source. In the same setup, x-ray diffraction (XRD) measurements were carried out using θ − 2θ and off-specular ω − 2θ scans for the study of the crystallographic properties of the films.
The appropriate sputter parameters were adjusted after evaluating the x-ray fluorescence measurements to achieve the desired stoichiometry. The final Fe:Ni ratios were between 2.00 and 1.87, very close to the correct stoichiometric compositions. The oxygen content could not be derived quantitatively due to the insensitivity of the fluorescence detector regarding oxygen.
The magnetic properties of the films were investigated by alternating gradient magnetometry (AGM) in a Princeton MicroMag using a magnetic field up to 1.3 T. Furthermore, the electrical properties were examined by performing temperature dependent dc resistivity measurements using a two-point probe technique in a cryostat.
The semiconductor type of the samples was extracted via Hall effect measurements at RT. The measurements were performed in a closed cycle helium cryostat by Cryogenic with magnetic fields up to 4 T.
The optical properties were investigated via ultravioletvisible (UV-Vis) spectroscopy in the range of 1.0 to 4.1 eV (1200-300 nm) in a Perkin Elmer Lambda 950 Spectrometer. Both reflection and transmission spectra were recorded in order to extract the absorption coefficient and derive the optical band gap energies. • ), which is observable with off-specular ω − 2θ measurements and an ω-offset of ∆ω ≈ 45
• (this is analog to an eccentric tilt of the sample around the [010] MAO direction by ∆ω). The obtained out-of-plane and in-plane lattice constants are presented in Fig. 1(b) as a function of the conductivity for all samples.
For NFO a tetragonal distortion is visible which is in agreement with epitaxial strain due to the lattice mismatch between NFO and the MAO substrate, since a MAO = 8.08Å. Specifically, the film is expanded in the direction perpendicular to the surface (c NFO > c bulk ) and compressed in the film plane (a NFO < a bulk ). The bulk lattice constant value for NFO equal to a bulk = 8.34Å is taken from Ref. [26] . In order to quantify the strain effect in the film, the Poisson ratio is commonly used. From the formula [27] 
where oop is the out-of-plane strain and ip is the inplane strain, we extracted a positive strain equal to ν = 1.25. This value comes in line with Fritsch and Ederer [28] who reported a value of ν ≈ 1.2 for NFO with in-plane compressive strain. The unit cell volume is reduced by about 1% with respect to bulk material. For the other two NiFe 2 O x films the in-plane lattice constants increase and the out-of-plane ones decrease compared to NFO. However, no further conclusion can be drawn for these samples since the corresponding bulk values of the lattice constants are not known and may differ from the ones of the NFO. Moreover, by performing ω-scans around the (004) Bragg peak of our NiFe 2 O x samples (not shown) we obtained a full width of half maximum equal to 1.2
• , 0.6 • , 0.7
• for NFO, NiFe 2 O x1 and NiFe 2 O x2 samples, respectively. These values are slightly higher but still comparable to previous publications on NFO films prepared by pulsed laser deposition [29] .
Figure 1(c) illustrates the magnetization plotted against the magnetic field extracted from the AGM measurements. The plots are presented after the subtraction of diamagnetic contributions. In the field of 1.3 T the NiFe 2 O x1 and NiFe 2 O x2 samples are clearly saturated. In contrast, for the NFO sample we reached 88% of saturation in the applied magnetic field. The saturation value was estimated from the anomalous Hall effect measurements with the application of a field strength equal to 4 T. Figure 1(d) shows the saturation magnetization values M S as a function of the conductivity for all samples. For the NFO the M S value equal to 244 emu/ccm (in 88 % saturation state) is consistent to earlier publications [20] . Moreover, it is clearly observed that the magnetization increases with the increase in conductivity. One possible explanation for the increased magnetization is a higher ratio between magnetic ions and the non-magnetic oxygen in the lattice. This increased Fe and Ni density enables a larger moment per f.u. Additionally, deviations from the default NiFe 2 O 4 stoichiometry potentially reduce the antiferromagnetic coupling between tetrahedral and octahedral lattice sites, leading to a larger net moment. Conduction mechanism Characteristic energy Et Exponent P Band conduction
In a generalized picture the electrical conduction in semiconductors consists of two types, the band and hopping conduction. Figure 2 represents the sequence of conductivity mechanisms replacing one by another as a function of the temperature decrease in a lightly doped (n-type) semiconductor [30] . This sequence includes the assumption that the Fermi level, E F , is located in the impurity band of the localized states of a doped semiconductor. A lower temperature value is balanced with a smaller section of the energy scale to distinguish between the different transitions of the carriers for the corresponding applied energy k B T. In band conduction, charge carriers from localized states are thermally activated and transported to delocalized states, as visible in Fig. 2(a) . The highest energy at which states are still localized defines a mobility edge. The universal equation which describes the temperature dependent electrical resistivity in semiconductors is given by
where ρ 0 is the resistivity at T → ∞, E t is the transition energy, k B is the Boltzmann constant and P ( > 0) is the characteristic exponent. The value of the exponent P distinguishes between different conduction mechanisms by expressing the profile of the density of states (DOS). In band conduction, P =1 and E t corresponds to the thermal activation energy for the delocalization of carriers E a , as summarized in Table I . E t is given by either E C −E F or E F −E V , depending on whether electrons or holes are the charge carriers of the material. E C , E V and E F are the mobility edges of the conduction band, the valence band and the Fermi energy, respectively. In hopping conduction, charge is transported through localized states in the vicinity of the Fermi energy (cf. Figs. 2(b-d) ). The conductivity is defined by electrons hopping directly between localized states in the impurity band without any excitation to the conduction band since they have insufficient energy for this transition. Therefore, the free electron band conduction is less important in this case [31] . In this regime, there are two types of conduction mechanisms, the Nearest-Neighbour Hopping (NNH) and the Variable Range Hopping (VRH). In NNH, the hopping conductivity is expressed by transitions between the nearest neighbours ( Fig. 2(b) ). The DOS in the donor impurity band at low donor concentration is maximum when the energy is of the order of the ionization energy of an isolated donor, E D . When the initial and final states of such a transition are among the nearest neighbours, it is most probable that the corresponding energy levels are in the vicinity of the maximum DOS. The necessary condition for the NNH conduction to occur is the existence of a large number of pairs of close neighbour states with one of them being free. The corresponding probability of this free state (for an n-type semiconductor) depends on its energy with respect to the Fermi level and is proportional to
Then, from the general semiconductor equation (Eq. (2)) E t is now symbolized as E NNH a and corresponds to the thermal activation energy having a smaller value compared to the energy required for thermally activated band conduction (E a ), as summarized in Table I. In relatively low disordered systems the further decrease of temperature such that k B T << |E F − E D | causes the number of empty states among the nearest neighbours to be significantly small and, therefore, the electron hopping will take place between free states localized in the vicinity of the Fermi level symbolized by δε. The average hopping length depends on temperature and the conduction mechanism changes now from NNH to VRH. When the VRH dominates the conduction, the condition 0 < P < 1 for the exponent P in Eq. (2) is fulfilled. The VRH model was firstly proposed by Mott [32] Fig. 2(c)) , where E M is the energy that corresponds to the characteristic Mott temperature T M , as described in Table I . T M can be correlated to the localization length L c via the formula
where N (E F ) is the DOS at the Fermi level. However, Efros and Shklovskii [31] later on suggested that at low enough temperatures for highly disordered systems, N (E) can not be considered constant anymore, but behaves as
2 . This behaviour derives from the energetic insufficiency of the system to overcome the electron-hole Coulomb interaction arising from the movement of the electron from one state to the other. This vanishing DOS is called Coulomb gap. In the Efros-Shklovskii-VRH (ES-VRH) conduction regime ( Fig. 2(d) ) the exponent P is equal to 0.5. Moreover, E t is now given by E ES = k B T ES , where E ES is the energy that corresponds to the characteristic Efros-Shklovskii temperature T ES , as included in Table I . T ES is given by
where is the dielectric constant and e is the electron charge. At intermediate disordered systems, there may be a crossover from ES-to Mott-VRH with increasing temperature. In our systems from highly resistive to semiconductinglike NiFe 2 O x we expect to observe different conduction mechanisms that contribute in the examined temperature range. Figures 3(a) and (b) illustrate the electrical resistivity ρ as a function of temperature ranging between (100 − 330) K for NFO, (60 − 330) K for NiFe 2 O x1 and (40 − 330) K for NiFe 2 O x2 . The expected semiconducting behaviour with increasing resistivity for decreasing temperature is clearly observed in all cases. In order to investigate the conduction mechanisms governing our systems we firstly considered the simplest form of thermal activation process. The temperature dependent resistivity can be described by Arrhenius law which corresponds to P = 1 in Eq. (2), as included in Table I . The required energy for the thermally activated charge transport can be derived by a linear regression of the temperature dependent resistivity. Figures 3 (c) and (d) show the Arrhenius plot of ln(ρ) vs. 1000/T for all samples. The experimental data were fitted with Eq. (2) for P =1 in order to determine the thermal activation energy. In the high temperature regime the straight line segments fit the data closely. The black arrows indicate the lowest temperature point included in the linear fit. Consequently, the thermal activation energy value for NFO was found to be equal to E NFO a = 0.19 eV. This result is in accordance with our previous investigations on sputter-deposited and chemical vapor deposited NFO [8, 20] = 0.05 eV, respectively. The thermal activation energy is lower in the more conducting samples reflecting the additional electronic states localized in the band gap which contribute to the measured resistivity.
On the contrary, in the low temperature regime the plots show significant deviations from the straight lines (as visible in Figs. 3 (c) and (d)) suggesting that the conduction mechanism in which the carriers are thermally activated and jump over a certain semiconductor energy barrier cannot be the dominant one and a crossover between two mechanisms is reasonable. In order to determine with sufficient accuracy which conduction mechanism governs the resistivity we plotted the data in low temperature regimes ln(ρ) vs. T -P where we varied the exponent P from 0.1 to 1 with outer steps of 0.05 and inner steps of 0.01 near the minimum. We fitted the data by straight line segments and we plotted the residual sum of squares (RSS) versus the exponent P . From the parabola fits we extracted the appropriate exponent P which minimizes the RSS leading to the best fitting.
Figures 4(a) and (b) illustrate the RSS as a function of the exponent P in the low temperature regimes, (100 − 210) K for NFO, (60 − 130) K for NiFe 2 O x1 and (60 − 170) K for NiFe 2 O x2 . All curves were fitted with parabolas to estimate the minimum of the corresponding curve with high precision. The black arrows indicate the minimum of the parabola fit. We found that the minimum of the RSS is P =0.25 for NFO, P =0.28 for NiFe 2 O x1 and P =0.24 for NiFe 2 O x2 . Thus, we deduce that the values of P are 0.25 or very close to it indicating the existence of Mott-VRH conduction in the low temperature regimes. This suggests an almost constant DOS near the Fermi level. Figures 4(c) and (d) show ln(ρ) plotted against T −0.25 , according to the Mott model, with the corresponding linear fits indicating that Mott-VRH model describes accurately the data in the low temperature regimes. The characteristic Mott temperature T M is extracted from Eq. (2), with P =0.25. For the NiFe 2 O x2 sample the two last points at 50 K and 40 K were left out from the fitting since those points present a second change in the slope of the curve in the low temperature dependent resistivity. This behaviour could also indicate a possible transition between Mott-VRH and ES-VRH at even lower temperatures. However, this assumption requires further investigation in lower temperature ranges. The values of ρ at RT, E a and T M are summarized in Table II for all samples. The Mott temperature T M increases with increasing resistivity, as reported in Table II, In order to extract the semiconductor type of our films we performed Hall effect measurements according to the geometry displayed in Fig. 5(a) . A charge current was flowing along the y-axis in the presence of an out-of-plane magnetic field and the voltage along the x-axis, as well as the voltage along the y-axis, were recorded. Figure 5 (b) displays the detected electric field, E, along the x-axis plotted against the applied external magnetic field for the NFO, NiFe 2 O x1 and NiFe 2 O x2 samples. Both curves for NiFe 2 O x1 and NiFe 2 O x2 show a slope changing linearly with the field in the region where the magnetization dependent anomalous Hall effect (AHE) saturates. This can be attributed to the ordinary Hall effect (OHE). From the slopes of the linear fits in the positive and negative saturation regimes of the curves, the ordinary Hall coefficient R H can be extracted by using
where E H is the OHE field, J is the charge current density and B is the external magnetic field. Considering the geometry displayed in Fig. 5 (a) the Hall coefficient is given by
and taking into account the slope of the linear fits A OHE extracted from the curves, R H is modified to = −4.9 · 10 −10 m 3 /C for the NiFe 2 O x1 and NiFe 2 O x2 samples, respectively. The large resistivity of the NFO makes the measurements challenging and prevents us to reliably determine the Hall coefficient and the semiconducting behaviour for this sample (see Fig. 5(b) ).
The extracted R H values are quite small and would indicate high charge carrier densities which are not representative for materials with semiconducting character. The impurity conduction originating from states above, at and below the Fermi level indicates that we cannot expect to have a pure n-or p-type semiconducting behaviour and, therefore, a mixed-type semiconducting behaviour could characterize our NiFe 2 O x1 and NiFe 2 O x2 samples. In a mixed-type of semiconductor both electrons and holes contribute and the Hall coefficient is given by the formula
where σ n is the conductivity of electrons, σ p is the conductivity of holes, R H,n is the Hall coefficient for electrons and R H,p is the Hall coefficient for holes. Since R H,n and R H,p have different signs, we could expect quite small values for the total R H , like in our case. From the Hall effect geometry illustrated in Fig. 5 (a) the two components E H and E ext define a total electric field, E tot . E ext is the external electric field along the yaxis and E H is the already investigated OHE field along the x-axis. Then the total electric field is tilted according to the Hall angle, Θ H . Consequently, the mobility of the carriers is obtained from the formula
where µ is the mobility of the carriers. To investigate the optical properties of the films the energy-dependent absorption coefficient α(E) was extracted from the measured transmission T and reflection R spectra using
where d is the thickness of each sample. Figure 6 (a) illustrates the absorption coefficient as a function of the energy for all samples. It is worth noting that down to a lower energy limit a saturation plateau is visible in all cases. The plateau region indicates that the energy of the photons is lower than the band gap of the sample and, therefore, insufficient to excite electrons from the valence band to the conduction band. Nevertheless, it is clearly observed that there is a different finite absorption value for each sample. Interestingly, as visible in Fig. 6(b) where the absorption saturation value is plotted against the conductivity of the samples, for the NFO the absorption saturation value is zero in this plateau unveiling that the additional electronic states in the band gap are too few to noticeably contribute to the measured absorbance. On the other hand, for the NiFe 2 O x1 and NiFe 2 O x2 samples the absorption saturation value is equal to 1.26 · 10 7 m −1 and 2.99 · 10 7 m −1 , respectively, confirming that the number of electronic states in the band gap contributing to the measured absorption is larger in the more conducting samples. The absorption spectrum of the NFO is very similar to our previous investigations [20, 37] as well as the epitaxial NFO from Holinsworth et al. [38] .
A common way to determine the minimum gap from the optical absorption spectra is by evaluating Tauc plots as explained in Ref. [37] . The indirect gap can be extracted from straight line segments in (αE) 0.5 plotted over energy. In Fig. 6 (c) the minimum gaps are extracted for each sample. It is worth mentioning that in order to extract the band gap energies the curves are shifted such that the plateau regions are at zero absorption. For the NFO the optical band gap is estimated to be E NFO gap ≈ 1.49 eV, close to previous publications [20, 39] . The optical band gap for the NiFe 2 O x1 and NiFe 2 O x2 samples is E NiFe2Ox 1 gap ≈ 1.27 eV and E NiFe2Ox 2 gap ≈ 1.09 eV, respectively, unveiling the more conducting character of the latter. The band gap energy of all samples is presented in Fig. 6(d) as a function of the RT electrical conductivity. However, the determination of the band gap using Tauc plots could lead to rough estimated values because of the uncertainties that may come up during this kind of data processing [37] . It is clear that the band gap energy increases with the decrease of conductivity. In addition, the extracted optical band gap is considerably larger than the corresponding thermal activation energy estimated from the temperature dependent resistivity measurements, in all cases. The reason for that is focused on the sensitivity of the temperature dependent resistivity to all charge transport mechanisms which characterize the film, for example chemical impurities, defects etc, that influence the measured resistivity.
CONCLUSION
In conclusion, we fabricated NiFe 2 O x samples on MgAl 2 O 4 (001) substrates by reactive dc magnetron cosputtering while varying the oxygen atmosphere during deposition in order to investigate the structural, magnetic, electronic and optical properties of the films. We extracted that the conduction mechanism in these systems differs in the examined low and high temperature regimes. Resistivity measurements in the high temperature regimes were fitted well with a model for Arrhenius type of conduction for the delocalization of the carriers allowing to extract the thermal activation energy of the samples. We obtained low thermal activation energies for all samples indicating a semiconducting behaviour. Furthermore, in the low temperature regimes Mott-VRH is the dominant conduction mechanism dictating that the electrical transport is supported by impurities in the crystal which hop between localized states in the impurity band. Moreover, using Hall effect measurements mixed-type semiconducting character was identified in the NiFe 2 O x1 and NiFe 2 O x2 films along with the corresponding mobilities of the charge carriers. From optical absorption spectra and the corresponding Tauc plots the optical band gap of the films were found to be significantly larger than the electrical ones which is in line with our previous investigations. The fabrication of a variable material with oxygen deficiency enables the manipulation of the electrical and optical properties, which is beneficial for the profound investigations of the transport phenomena and, therefore, forwards the implementation of such materials in spintronic and spin caloritronic applications.
